Introduction {#Sec1}
============

The standard model (SM) of particle physics is successful in describing a wide range of phenomena, although it is widely believed to be only an effective approximation of a more complete theory that supersedes it at a higher energy scale. Supersymmetry (SUSY) \[[@CR1]--[@CR4]\] is a modification to the SM that extends its underlying space-time symmetry group. For each boson (fermion) in the SM, a fermionic (bosonic) superpartner, which differs in spin by one-half unit, is introduced.

Experimentally, SUSY is testable through the prediction of an extensive array of new observable states (of unknown masses) \[[@CR5], [@CR6]\]. In the minimal supersymmetric extension to the SM \[[@CR6]\], the gluinos $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\widetilde{\ell } $$\end{document}$ are, respectively, the superpartners to gluons, quarks, and leptons. An extended Higgs sector is also predicted, as well as four neutralino $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^0 _{1,2,3,4}$$\end{document}$ and two chargino $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^\pm _{1,2}$$\end{document}$ states that arise from mixing between the higgsino and gaugino states, which are the superpartners of the Higgs and electroweak gauge bosons. The assumption of *R*-parity conservation \[[@CR7]\] has important consequences for cosmology and collider phenomenology. Supersymmetric particles are expected to be produced in pairs at the LHC, with heavy coloured states decaying, potentially via intermediate SUSY states, to the stable lightest SUSY particle (LSP). The LSP is generally assumed to be the $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^{0}_{1} $$\end{document}$, which is weakly interacting and massive. This SUSY particle is considered to be a candidate for dark matter (DM) \[[@CR8]\], the existence of which is supported by astrophysical data \[[@CR9]\]. Hence, a characteristic signature of R-parity-conserving coloured SUSY production at the LHC is a final state containing an abundance of jets, possibly originating from top or bottom quarks, accompanied by a significant transverse momentum imbalance, $\documentclass[12pt]{minimal}
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                \begin{document}$${\vec {p}}_{\mathrm {T}}^{\text {miss}}$$\end{document}$.

The proposed supersymmetric extension of the SM is also compelling from a theoretical perspective, as the addition of superpartners to SM particles can modify the running of the gauge coupling constants such that their unification can be achieved at a high energy scale \[[@CR10]--[@CR12]\]. A more topical perspective, given the recently discovered Higgs boson \[[@CR13]--[@CR15]\], is the possibility that scale-dependent radiative corrections to the Higgs boson mass from loop processes can be largely cancelled through the introduction of superpartners, thus alleviating the gauge hierarchy problem \[[@CR16], [@CR17]\]. Alternatively, these radiative corrections can be accommodated through an extreme level of fine tuning of the bare Higgs boson mass. A "natural" solution from SUSY, with minimal fine-tuning, implies that the masses of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^{0}_{1} $$\end{document}$, third-generation squarks, and the gluino are at or near the electroweak scale \[[@CR18]\].

The lack of evidence to date for SUSY has also focused attention on regions of the natural parameter space with sparse experimental coverage, such as phenomenologically well motivated models for which both the $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^{0}_{1} $$\end{document}$ are light and nearly degenerate in mass \[[@CR19]--[@CR27]\]. This class of models, with "compressed" mass spectra, typically yield SM particles with low transverse momenta ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$) from the decays of SUSY particles. Hence, searches rely on the associated production of jets, often resulting from initial-state radiation (ISR), to achieve experimental acceptance.

This paper presents an inclusive search for new-physics phenomena in hadronic final states with one or more energetic jets and an imbalance in $\documentclass[12pt]{minimal}
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                \begin{document}$${\vec {p}}_{\mathrm {T}}^{\text {miss}}$$\end{document}$, performed in proton--proton (pp) collisions at a centre-of-mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV} $$\end{document}$. The analysed data sample corresponds to an integrated luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$2.3 \pm 0.1{\,\text {fb}^{-1}} $$\end{document}$ collected by the CMS experiment. Earlier searches using the same technique have been performed in pp collisions at both $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 7$$\end{document}$ \[[@CR28]--[@CR30]\] and $\documentclass[12pt]{minimal}
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                \begin{document}$$8\,\text {TeV} $$\end{document}$ \[[@CR31], [@CR32]\] by the CMS Collaboration. The increase in the centre-of-mass energy of the LHC, from $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$, provides a unique opportunity to search for the characteristic signatures of new physics at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ scale. For example, the increase in $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$ leads to a factor $\documentclass[12pt]{minimal}
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                \begin{document}$$\gtrsim $$\end{document}$35 increase in the parton luminosity \[[@CR33]\] for the pair production of coloured SUSY particles, each of mass 1.5$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {TeV}$$\end{document}$, which were beyond the reach of searches performed at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\,\text {TeV} $$\end{document}$ by the ATLAS \[[@CR34], [@CR35]\] (and references therein) and CMS \[[@CR36]--[@CR43]\] Collaborations. Several searches in this final state, interpreted within the context of SUSY, have already provided results with the first data at this new energy frontier \[[@CR44]--[@CR50]\].

Two important features of this search are the application of selection criteria with low thresholds, in order to maximise signal acceptance, and the categorisation of candidate signal events according to multiple discriminating variables for optimal signal extraction over a broad range of models. The search is based on an examination of the number of reconstructed jets per event, the number of these jets identified as originating from bottom quarks, and the scalar and vector $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$ sums of these jets. These variables provide sensitivity to the different production mechanisms (squark--squark, squark--gluino, and gluino--gluino) of massive coloured SUSY particles at hadron colliders, third-generation squark signatures, and both large and small mass splittings between the parent SUSY particle and the LSP. However, the search is sufficiently generic and inclusive to provide sensitivity to a wide range of SUSY and non-SUSY models that postulate the existence of a stable, only weakly interacting, massive particle. In addition to the jets+$\documentclass[12pt]{minimal}
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                \begin{document}$${\vec {p}}_{\mathrm {T}}^{\text {miss}}$$\end{document}$ topology, the search considers final states containing a "monojet" topology, which is expected to improve the sensitivity to DM particle production in pp collisions \[[@CR51], [@CR52]\].

The dominant background process for a search in all-jet final states is multijet production, a manifestation of quantum chromodynamics (QCD). An accurate estimate of this background is difficult to achieve, given the lack of precise theoretical predictions for the multijet production cross section and kinematic properties. Hence, this search adopts a strategy that employs several variables to reduce the multijet contribution to a low level with respect to other SM backgrounds, rather than estimate a significant contribution with high precision.

The search is built around two variables that are designed to provide robust discrimination against multijet events. A dimensionless kinematic variable $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _{\mathrm {T}}$$\end{document}$  \[[@CR28], [@CR53]\] is constructed from jet-based quantities and provides discrimination between genuine sources of $\documentclass[12pt]{minimal}
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                \begin{document}$${\vec {p}}_{\mathrm {T}}^{\text {miss}}$$\end{document}$ from stable, weakly interacting particles such as neutrinos or neutralinos that escape the detector, and instrumental sources such as the mismeasurements of jet energies. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi ^{*}_\text {min}$$\end{document}$  \[[@CR28]\] variable exploits azimuthal angular information and also provides strong rejection power against multijet events, including rare energetic events in which neutrinos carry a significant fraction of the energy of a jet due to semileptonic decays of heavy-flavour mesons. Very restrictive requirements on the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta \phi ^{*}_\mathrm{{min}}$$\end{document}$ variables are employed in this search to ensure a low level of contamination from the multijet background.

The organisation of this paper is as follows. Sections [2](#Sec2){ref-type="sec"} and [3](#Sec3){ref-type="sec"} describe, respectively, the CMS apparatus and the simulated event samples. Sections [4](#Sec4){ref-type="sec"} and [5](#Sec5){ref-type="sec"} describe the event reconstruction and selection criteria used to identify candidate signal events and control region samples. Section [6](#Sec11){ref-type="sec"} provides details on the estimation of the multijet and all other SM backgrounds. Finally, the search results and interpretations, in terms of simplified SUSY models, are described in Sects. [7](#Sec14){ref-type="sec"} and [8](#Sec15){ref-type="sec"}, and summarised in Sect. [9](#Sec19){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\text {T}$$\end{document}$. The bore of the solenoid is instrumented with several particle detection systems. A silicon pixel and strip tracker measures charged particles within the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$. A lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections, extend over a range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 3.0$$\end{document}$. Outside the bore of the solenoid, forward calorimeters extend the coverage to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 5.0$$\end{document}$, and muons are measured within $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$ by gas-ionisation detectors embedded in the steel flux-return yoke outside the solenoid. A two-tier trigger system selects pp collision events of interest. The first level of the trigger system, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select the most interesting events in a fixed time interval of less than 4 $\documentclass[12pt]{minimal}
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                \begin{document}$${\upmu }$$\end{document}$s. The high-level trigger processor farm further decreases the event rate from around 100 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {kHz}$$\end{document}$, before data storage. The CMS detector is nearly hermetic, which allows for momentum balance measurements in the plane transverse to the beam axis. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR54]\].

Simulated event samples {#Sec3}
=======================

The search relies on multiple event samples, in data or generated from Monte Carlo (MC) simulations, to estimate the contributions from SM backgrounds, as described in Sect. [5](#Sec5){ref-type="sec"}. The SM backgrounds for the search are QCD multijet, top quark-antiquark ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{t}\overline{\mathrm{t}}$$\end{document}$), and single top production, and the associated production of jets and a vector boson (W, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z}\rightarrow \nu \overline{\nu }$$\end{document}$). Residual contributions from other processes, such as WW, WZ, ZZ (diboson) production and the associated production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{t}\overline{\mathrm{t}}$$\end{document}$ and a W or Z boson, are also considered. Other processes, such as Drell--Yan ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma + \text {jets}$$\end{document}$ production, are also relevant for some control regions, defined in Sect. [5.5](#Sec10){ref-type="sec"}.

The [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} 2.2.2 \[[@CR55]\] event generator code is used at leading-order (LO) accuracy to produce samples of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{t}\overline{\mathrm{t}}$$\end{document}$, and multijet events. The same code is used at next-to-leading-order (NLO) accuracy to generate samples of single top quarks (both *s*- and *t*-channel production), WZ, ZZ, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{t}\overline{\mathrm{t}} \text {W} $$\end{document}$, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{t}\overline{\mathrm{t}} \mathrm{Z}$$\end{document}$ events. The NLO [powheg]{.smallcaps} v2 \[[@CR56], [@CR57]\] generator is used to describe WW events and the tW-channel production of single top quark events. The simulated samples are normalised according to production cross sections that are calculated with NLO and next-to-NLO precision \[[@CR55], [@CR57]--[@CR62]\], or with LO precision in the case of multijet and $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma + \text {jets}$$\end{document}$ production. The [Geant4]{.smallcaps}  \[[@CR63]\] package is used to simulate the detector response.

Event samples for signal models involving gluino or squark pair production in association with up to two additional partons are generated at LO with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps}, and the decay of the SUSY particles is performed with [pythia]{.smallcaps} 8.205 \[[@CR64]\]. Inclusive, process-dependent, signal production cross sections are calculated with NLO plus next-to-leading-logarithmic (NLL) accuracy \[[@CR33], [@CR65]--[@CR69]\]. The theoretical systematic uncertainties are typically dominated by the parton density function (PDF) uncertainties, evaluated using the CTEQ6.6 \[[@CR70]\] and MSTW2008 \[[@CR71]\] PDFs. The detector response for signal models is provided by the CMS fast simulation package \[[@CR72]\].

The NNPDF3.0 LO and NLO \[[@CR73]\] parton distribution functions (PDFs) are used, respectively, with the LO and NLO generators described above. The [pythia]{.smallcaps} program with the CUETP8M1 underlying event tune \[[@CR74]\] is used to describe parton showering and hadronisation for all simulated samples. To model the effects of multiple pp collisions within the same or neighbouring bunch crossings (pileup), all simulated events are generated with a nominal distribution of pp interactions per bunch crossing and then reweighted to match the pileup distribution as measured in data. On average, approximately fifteen different pp collisions, identifiable via their primary interaction vertex, are reconstructed per event. Finally, (near-unity) corrections to the normalisation of the simulated samples for the $\documentclass[12pt]{minimal}
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Event reconstruction {#Sec4}
====================

Global event reconstruction is provided by the particle flow (PF) algorithm \[[@CR75], [@CR76]\], designed to identify each particle using an optimised combination of information from all detector systems. In this process, the identification of the particle type (photon, electron, muon, charged hadron, neutral hadron) plays an important role in the determination of the particle direction and energy.

Among the vertices reconstructed within 24 (2) $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}} ^2$$\end{document}$ values. Charged-particle tracks associated with reconstructed vertices from pileup events are not considered by the PF algorithm as part of the global event reconstruction.

Photon candidates \[[@CR77]\] are identified as ECAL energy clusters not linked to the extrapolation of any track to the ECAL. The energy of photons is directly obtained from the ECAL measurement, corrected for contributions from pileup events. Various quality-related criteria must be satisfied in order to identify photons with high efficiency while minimising the misidentification of electrons and associated bremsstrahlung, jets, or ECAL noise as photons. The criteria include the following: the shower shape of the energy deposition in the ECAL must be consistent with that expected from a photon, the energy detected in the HCAL behind the photon shower must not exceed 5% of the photon energy, and no matched hits in the pixel tracker must be found.

Electron candidates \[[@CR78]\] are identified as a track associated with an ECAL cluster compatible with the track trajectory, as well as additional ECAL energy clusters from potential bremsstrahlung photons emitted as the electron traverses material of the silicon tracker. The energy of electrons is determined from a combination of the track momentum at the main interaction vertex, the corresponding ECAL cluster energy, and the energy sum of all bremsstrahlung photons associated with the track. The quality criteria required for electrons are similar to those for photons, with regards to the ECAL shower shape and the relative contributions to the total energy deposited in the ECAL and HCAL. Additional requirements are also made on the associated track, which consider the track quality, energy-momentum matching, and compatibility with the PV in terms of the transverse and longitudinal impact parameters.

Muon candidates \[[@CR79]\] are identified as a track in the silicon tracker consistent with either a track or several hits in the muon system. The track and hit parameters must satisfy various quality-related criteria, described in Ref. \[[@CR79]\]. The energy of muons is obtained from the corresponding track momentum.

Charged hadrons are identified as tracks not classified as either electrons or muons. The energy of charged hadrons is determined from a combination of the track momentum and the corresponding ECAL and HCAL energies, corrected for contributions from pileup events and the response function of the calorimeters to hadronic showers. Neutral hadrons are identified as HCAL energy clusters not linked to any charged-hadron trajectory, or as ECAL and HCAL energy excesses with respect to the expected charged-hadron energy deposit. The energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.
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                \begin{document}$$\,\text {TeV}$$\end{document}$, compared to about 40, 12, and 5% obtained when the calorimeters alone are used for jet clustering. All jets are required to satisfy loose requirements on the relative composition of their particle constituents to reject noise in the calorimeter systems or failures in event reconstruction.

Jets are identified as originating from b quarks using the combined secondary vertex algorithm \[[@CR83]\]. Control regions in data \[[@CR84]\] are used to measure the probability of correctly identifying jets as originating from b quarks (b tagging efficiency), and the probability of misidentifying jets originating from light-flavour partons (u, d, s quarks or gluons) or a charm quark as a b-tagged jet (the light-flavour and charm mistag probabilities). A working point is employed that yields a b tagging efficiency of 65%, and charm and light-flavour mistag probabilities of approximately 12 and 1%, respectively, for jets with $\documentclass[12pt]{minimal}
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Event selection {#Sec5}
===============

The kinematic selection criteria used to define the signal region, containing a sample of candidate signal events, as well as a number of control regions in data, are described below. The criteria are based on the particle candidates defined by the event reconstruction algorithms described in Sect. [4](#Sec4){ref-type="sec"}.

Common preselection criteria {#Sec6}
----------------------------

A number of beam- and detector-related effects, such as beam halo, reconstruction failures, spurious detector noise, or event misreconstruction due to detector inefficiencies, can lead to events with anomalous levels of activity. These rare events, which can exhibit large values of $\documentclass[12pt]{minimal}
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Signal region {#Sec8}
-------------

For events satisfying the common preselection criteria described above, the multijet background dominates over all other SM backgrounds. Several variables are employed to reduce the multijet contribution to a low level with respect to other SM backgrounds.
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Multiple trigger conditions are employed in combination to record candidate signal events. A set of trigger conditions utilise calculations of both $\documentclass[12pt]{minimal}
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Following the event selection criteria described above, which provide a sample of candidate signal events with a negligible contribution from multijet events, further discriminating power is required to separate new-physics signatures from the remaining SM backgrounds, which are dominated by the production of $\documentclass[12pt]{minimal}
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The search relies directly on simulation to determine a template for each ($\documentclass[12pt]{minimal}
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Control regions {#Sec10}
---------------

Four control regions in data are employed to estimate the background contributions from SM processes. The event selection criteria used to define the control regions comprise the common preselection requirements and additional sample-specific requirements, as summarised in Table [1](#Tab1){ref-type="table"}. The first control region comprises a multijet-enriched sample of events, and is defined by the signal region selection criteria and the inverted requirement $\documentclass[12pt]{minimal}
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Additional kinematic requirements are employed to ensure the control samples are enriched in the same SM processes that contribute to background events in the signal region, and are depleted in contributions from multijet production or a wide variety of SUSY models (i.e. so-called signal contamination). The samples are defined, and their events are identically categorised and binned, such that the kinematic properties of events in the control regions and the candidate signal events resemble as closely as possible one another once the photon, muon, or dimuon system is ignored in the calculation of quantities such as $\documentclass[12pt]{minimal}
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Estimation of backgrounds {#Sec11}
=========================

Multijet background {#Sec12}
-------------------

The signal region is defined in a manner that suppresses the expected contribution from multijet production to a low level with respect to the total expected background from other SM processes for all signal region bins. This is achieved primarily through the application of very tight requirements on the variables $\documentclass[12pt]{minimal}
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The contamination from multijet events in the signal region is estimated using a multijet-enriched data sideband to the signal region, defined by the (inverted) requirement $\documentclass[12pt]{minimal}
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The aforementioned systematic uncertainties, resulting from variations in scale factors, are summarised in Table [3](#Tab3){ref-type="table"}, along with representative magnitudes. These sources of uncertainty are each assumed to originate from a unique underlying source and so the effect of each source is varied assuming a fully correlated behaviour across the full phase space of the signal and control regions.
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The presence of systematic biases is evaluated at a statistical level by considering the distribution of pulls obtained from each control region, which are consistent with statistical fluctuations, with no indication of trends across the full phase space of each control region. The *p*-values obtained from the fits are uniformly distributed.

The uncertainty in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$ modelling is extracted under the hypothesis of no bias. This is done using the maximum likelihood (ML) values of the fit parameters to determine the statistical precision to which this hypothesis can be confirmed. The quadrature sum of the ML value and its uncertainty for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_1$$\end{document}$ from each fit is used to define alternative templates that represent $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm 1\sigma $$\end{document}$ variations to the nominal $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$ template. These alternative templates are encoded in the likelihood function, as described in Sect. [7](#Sec14){ref-type="sec"}. The observed variations are compatible with the expected values obtained from studies relying only on simulated event samples. The uncertainties in the final $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$ bin of the templates depend on the event category and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$ bin, and are typically found to be in the range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$10--100%.
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Results {#Sec14}
=======

A model of the observations in all data samples, described by a likelihood function, is used to obtain a prediction of the SM backgrounds and to test for the presence of new-physics signals if the signal region is included in the ML fit. The observation in each bin defined by the $\documentclass[12pt]{minimal}
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The nonmultijet backgrounds are related to the expected yields in the $\documentclass[12pt]{minimal}
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The systematic uncertainties summarised in Table [3](#Tab3){ref-type="table"} are accommodated in the likelihood function through the use of nuisance parameters, the measurements of which are assumed to follow a log-normal distribution. Alternative templates are used to describe the uncertainties in the modelling of the $\documentclass[12pt]{minimal}
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The data are inspected to ascertain whether they are well described by the null (SM-only) hypothesis. This is done by considering the "pre-fit" SM background estimates, which are determined from observed data counts in the control regions only. The pre-fit result of this search is summarised in Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"} for, respectively, the monojet, asymmetric, and symmetric topologies. The figures also show the significance of deviations observed in data with respect to the pre-fit SM expectations expressed in terms of the total uncertainty in the SM expectations ("pull"). The data are well described by the background-only hypothesis. Figures [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"} also summarise the pulls from the post-fit result, which is based on a ML fit to observations in the signal region as well as the control regions.

A quantitative statement on the degree of compatibility between the observed yields and the SM expectations under the background-only hypothesis is obtained from a goodness-of-fit test based on a log likelihood ratio. The alternative hypothesis is defined by a "saturated" model \[[@CR91]\], for which the background expectation is set equal to the observed number of events, and provides a reference for the largest value that the likelihood can take for any model for the given data set. Hence, this reference can be used as a reasonable normalisation for the maximum value observed for a more constraining model. A *p*-value of 0.20 is observed for the fit over the full signal region, and *p*-values in the range 0.04--1.00, consistent with a uniform distribution, are obtained when considering events categorised according to $\documentclass[12pt]{minimal}
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The covariance and correlation matrices for the pre-fit SM expectations in all bins of the signal region, defined by $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$, are determined from 500 pseudo-experiments by sampling the pre-fit nuisance parameters under the background-only hypothesis. The SM expectations for different $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text {b}}$$\end{document}$ categories exhibit a nonnegligible level of covariance within the same $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$ bin, primarily as a result of the systematic uncertainties evaluated from closure tests, described in Sect. [6.2](#Sec13){ref-type="sec"}, that integrate yields over $\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"} shows the event yields observed in data and pre-fit SM expectations with their associated uncertainties as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$ for two categories of candidate signal events, which provide good sensitivity to models with high-mass gluinos. For illustration only, the expected counts from benchmark signal models that assume the pair production and decay of gluinos, described further in Sect. [8](#Sec15){ref-type="sec"}, are also shown.

Interpretation {#Sec15}
==============

Specification for simplified models {#Sec16}
-----------------------------------

The results of the search are used to constrain simplified SUSY models \[[@CR92]--[@CR94]\]. Each model assumes the pair production of gluinos or squarks and their subsequent prompt decays to SM particles and the LSP with a 100% branching fraction (unless indicated otherwise). The gluino decays contain intermediate on-shell SUSY particle states (such as the top squark or the chargino) for a subset of the models. All other SUSY particles are assumed to be too heavy ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\widetilde{\mathrm{g}}} / m_{\widetilde{\mathrm{q}}} = 10\,\text {TeV} $$\end{document}$) to be produced directly. Three-body decays of gluinos are assumed to occur via off-shell squarks of light or heavy flavour. Off-shell decays are processed by [pythia]{.smallcaps} in a single three- or four-body step, without taking into account the width or polarisation of the parent: this is true for the top-squark four-body decay ($\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\mathrm{t}} \rightarrow \mathrm{{bf}}\overline{\mathrm{{f}}}'\widetilde{\chi }^{0}_{1} $$\end{document}$), as well as the three-body decay of the chargino ($\documentclass[12pt]{minimal}
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                \begin{document}$$'$$\end{document}$ are fermions produced in the decay of an intermediate off-shell W boson.

Fourteen unique production and decay modes are considered, which yield a range of topologies and final states (with only the all-jet final state considered in this search). Each class of simplified model is identified by a label that indicates the topology and final state, and scans in the gluino or squark ($\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\widetilde{\chi }^{0}_{1}}$$\end{document}$) mass parameter space are performed. Table [4](#Tab4){ref-type="table"} summarises the production and decay modes, as well as any additional assumptions that define the simplified models. The models can be categorised according to the following descriptions: the gluino-mediated and direct production of light-flavour squarks, the gluino-mediated production of off-shell third-generation squarks, the natural gluino-mediated production of on-shell top squarks, and the direct production of on-shell third-generation squarks. In the case of direct pair production of light-flavour squarks, two different assumptions on the theoretical production cross section are made. For the "eightfold" scenario (T2qq_8fold), the scalar partners to left- and right-handed quarks of the u, d, s, and c flavours are assumed to be light and degenerate in mass, with other squark states decoupled to a high mass. For the "onefold" scenario (T2qq_1fold), only a single light squark is assumed to participate in the interaction and all other squarks are decoupled to a high mass.
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                \begin{document}$$+$$\end{document}$background hypothesis, and in the presence of a nonzero signal contribution, a modified frequentist approach is used to determine upper limits at the 95% confidence level (CL) on the cross section, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{{UL}}$$\end{document}$, to produce pairs of SUSY particles as a function of the parent SUSY particle and the LSP masses. The limits can be expressed in terms of the signal strength parameter, $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ NLL accuracy. An Asimov data set \[[@CR95]\] is used to determine the expected upper limit on the allowed cross section for a given model. The potential contributions from a new-physics signal to each of the signal and control regions are considered, even though the only significant contribution occurs in the signal region and not in the control regions (i.e. signal contamination). The approach is based on the one-sided (so called LHC-style) profile likelihood ratio as the test statistic \[[@CR96]\] and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {CL}_\mathrm {s}$$\end{document}$ criterion \[[@CR97], [@CR98]\]. Asymptotic formulae \[[@CR95]\] are utilised to approximate the distributions of the test statistics under the SM background-only and signal+background hypotheses.

Acceptances and uncertainties {#Sec17}
-----------------------------

The experimental acceptance times efficiency ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {A}\,\varepsilon $$\end{document}$) and its uncertainty are evaluated independently for each model class as a function of ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {A}\,\varepsilon $$\end{document}$ for a number of benchmark models for which the search yields an expected exclusion ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \lesssim 1$$\end{document}$). For each topology, typically two different pairs of parent SUSY particle and LSP masses ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_\text {SUSY}, m_\text {LSP}$$\end{document}$) are chosen that are characterised by a large and a small (i.e. compressed) difference in parent SUSY particle and LSP masses. The four most sensitive event categories, defined in terms of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\text {UL}$$\end{document}$. The categories used per benchmark model are listed in Table [5](#Tab5){ref-type="table"}, along with $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {A}\,\varepsilon $$\end{document}$ determined for these four categories.

The effects of several sources of uncertainty on $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {A}\,\varepsilon $$\end{document}$, as well as the potential for event migration between bins of the signal region, are considered. The potential effect of each source of uncertainty is assessed by including in the likelihood function the alternative normalisations and shapes for the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$ templates with respect to the nominal versions. The nominal and alternative templates are obtained from simulated event samples for the signal models, and the alternative templates effectively propagate the various input uncertainties to determine their effects on the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}}^{\text {miss}}$$\end{document}$ distributions for the signal model.

In addition to the uncertainty in the integrated luminosity of 2.7% \[[@CR99]\], the following sources of uncertainty are dominant: the statistical uncertainty arising from the finite size of simulated signal samples, the modelling of ISR, the jet energy corrections (JEC) evaluated in simulation, and the modelling of scale factors applied to simulated event samples that correct for differences in the efficiency and misidentification probability of b-quark jets ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {SF}_\text {b-tag}$$\end{document}$). The magnitude of each contribution depends on the model and the masses of the parent SUSY particle and LSP.Table 4A summary of the simplified SUSY models used to interpret the results of this search. All on-shell SUSY particles in the decay are statedModel classProductionDecayAdditional assumptionsGluino-mediated and direct production of light-flavour squarks   T1qqqq$\documentclass[12pt]{minimal}
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Further uncertainties with subdominant contributions are considered on a similar footing. The uncertainties in the efficiency of identifying well-reconstructed, isolated leptons are considered, with a typical magnitude of $\documentclass[12pt]{minimal}
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The choice of PDF set, or variations therein, predominantly affects $\documentclass[12pt]{minimal}
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Cross section and mass exclusions {#Sec18}
---------------------------------

Limits for each of the aforementioned benchmark models are summarised in Table [5](#Tab5){ref-type="table"}, expressed in terms of $\documentclass[12pt]{minimal}
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Figures [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"} summarise the disfavoured regions of the mass parameter space for the fourteen classes of simplified models. These regions are derived by comparing the upper limits on the measured fiducial cross section, corrected for the experimental $\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} (upper) shows the excluded mass parameter space for models that assume the gluino-mediated or direct production of light-flavour squarks. The excluded region extends to higher masses for the gluino-mediated production of light-flavour squarks (T1qqqq), with respect to direct pair production when assuming an eightfold degeneracy in mass (T2qq_8fold), due to a combination of a higher gluino pair production cross section and a final state characterised by higher jet multiplicities, which are exploited to provide better signal-to-background separation. The excluded mass region is significantly reduced when assuming only a single light squark (T2qq_1fold), with limits weakening due to the lower production cross section, compounded by the reduced signal-to-background ratios achieved in the core of distributions in the discriminating variables.

Figure [7](#Fig7){ref-type="fig"} (lower) shows the exclusion contours for models that assume the gluino-mediated pair production of off-shell third-generation squarks. For the topologies T1tttt and T1bbbb, each gluino is assumed to undergo a three-body decay via, respectively, an off-shell top or bottom squark to a quark-antiquark pair of the same flavour and the $\documentclass[12pt]{minimal}
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Figure [8](#Fig8){ref-type="fig"} (upper) shows exclusion contours for models that assume gluino pair production, with each gluino decaying to a top quark and an on-shell top squark, the latter of which decays to SM particles and the LSP. As discussed earlier, these models can be considered as representations of a natural solution to the little hierarchy problem. Two different scenarios are considered for the decay of the top squarks. The T5tttt_DM175 models assume a two-body decay to a top quark and the $\documentclass[12pt]{minimal}
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Finally, Fig. [8](#Fig8){ref-type="fig"} (lower) shows exclusion contours for models that assume the direct production of pairs of third-generation squarks. For the T2bb models, bottom squarks are pair produced and each decays to a bottom quark and the $\documentclass[12pt]{minimal}
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Figure [8](#Fig8){ref-type="fig"} (lower) also shows exclusion contours for models that assume the pair production of top squarks but a near-mass-degenerate system that satisfies $\documentclass[12pt]{minimal}
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Table [6](#Tab6){ref-type="table"} summarises the strongest expected and observed mass limits for each class of simplified model.

Summary {#Sec19}
=======

An inclusive search for new-physics phenomena is reported, based on data from pp collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$2.3 \pm 0.1 {\,\text {fb}^{-1}} $$\end{document}$. The final states analysed contain one or more jets with large transverse momenta and a significant imbalance of transverse momentum, as expected from the production of massive coloured SUSY particles, each decaying to SM particles and the lightest stable, weakly-interacting, SUSY particle.

The sums of the standard model backgrounds are estimated from a simultaneous binned likelihood fit to the observed yields for samples of events categorised according to the number of reconstructed jets, the number of jets identified as originating from b quarks, and the scalar and the magnitude of the vector sums of the transverse momenta of jets. In addition to the signal region, $\documentclass[12pt]{minimal}
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The increase in the centre-of-mass energy of the LHC, from 8 to 13$\documentclass[12pt]{minimal}
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Finally, a comprehensive study of nearly mass-degenerate models involving top squark pair production is performed. The two decay modes of the top squark are the loop-induced two-body decay to the neutralino and one c quark, and the four-body decay to the neutralino, one b quark, and an off-shell W boson. A third scenario is considered in which the two modes are simultaneously open, each with a branching fraction of 50%. Masses of the top squark and LSP up to, respectively, 400 and 360$\documentclass[12pt]{minimal}
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In conclusion, the analysis provides sensitivity across a large region of the natural SUSY parameter space, as characterised by interpretations with several simplified models. In particular, these studies improve on existing limits for nearly mass-degenerate models involving the production of pairs of top squarks.
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